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Abstract 
The optical second-harmonic intensity generated by magnetic multilayers appears to depend strongly on the 
magnetization. Combining interface and magnetic sensitivity, magnetization-induced optical second-harmonic genera- 
tion provides a unique tool to study magnetic interface properties. The underlying theoretical analysis is given and 
illustrated with an example and experiments on Co/Au multilayers. 
1. Introduction 
The current development in materials science and 
technology that enables the preparation and control of 
surfaces and interfaces in magnetic systems down to the 
atomic level has opened up an exciting area in the science 
of magnetism [1]. The abrupt termination of the crystal 
lattice at the surface or interface leads to a number of new 
phenomena such as enhanced moments, surface aniso- 
tropy, magnetically dead or live layers, magnetic recon- 
struction, and oscillatory exchange coupling. These phe- 
nomena are not only important from a fundamental 
point of view but have also large consequences for ap- 
plications like development of advanced materials for 
high density data storage, and the giant magneto-resist- 
ance effect (see e.g. Ref. [2]). 
Magnetic properties are largely determined by the 
magnetic exchange interaction which depends on in- 
teratomic distances. By using thin film epitaxial growth 
methods on different substrates and with different 
growth conditions, the interatomic distances and even 
the crystal symmetry can be influenced, and many 
*Corresponding author. 
unusual magnetic properties can be expected, as was 
already shown [3]. At interfaces with nonmagnetic meta- 
ls hybridization and charge transfer may lead to a strong 
reduction of the magnetization while these same proxim- 
ity effects can induce sizable magnetic moments in non- 
magnetic metals. This is of great importance in super- 
lattice structures for device applications. 
There exist several techniques (e.g. Spin Polarized 
Electron Energy Loss Spectroscopy) to study the mag- 
netic properties of clean surfaces. Unfortunately (polariz- 
ed), electrons are difficult to use for studying buried 
interfaces due to their short mean free path. Since interfa- 
ces between thin metallic films are accessible by light, an 
optical technique would have a significant advantage. 
A well-known and frequently used technique is the Mag- 
neto-Optical Kerr Effect (MOKE). This linear optical 
technique studies the changes in the linear susceptibility 
as a function of the applied magnetic field. As it is based 
on the rotation of the polarization of light traveling 
through a magnetic material, it probes the bulk magnet- 
ization. Though very sensitive and even applicable to 
monolayers, MOKE is not interface specific. Recently, 
we have made a new breakthrough by showing the sensi- 
tivity of magnetization i duced-second-harmonic gen- 
eration (MSHG) for the interface magnetism. 
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Second-harmonic generation (SHG) is a nonlinear op- 
tical technique that derives its interface sensitivity from 
the breaking of symmetry at boundaries between cen- 
trosymmetric media [4]. On theoretical grounds it has 
been shown that magnetization-dependent effec s hould 
be detectable with SHG [5], and a first experimental 
indication for clean surfaces was recently given by Reif 
et al. [6], whereas the first demonstrations on buried 
interfaces were given by Spierings et al. [7]. 
In this paper we show how MSHG offers a unique 
opportunity to study the buried magnetic interfaces in 
multilayer systems. First we shall show how the magnet- 
ization introduces new, nonzero tensor elements. Second- 
ly, the nonlinear optical response of a metallic multilayer 
system with sources at the interfaces hall be treated. 
Finally, this analysis hall be illustrated with an example 
and experiments on Co/Au multilayers. 
2. SHG from magnetic interfaces 
SHG arises from the nonlinear polarization P(2~o) 
induced by an incident laser field E(og). This polarization 
can be written as an expansion in E(~o): 
Pi(26o) = ~ijk~t°) E'(°9)Ek( + X(ffk)zEJ(tn) Vk E1 (~o) + .... (1) 
The lowest-order term describes an electric dipole source. 
Symmetry considerations show that these contributions 
are zero in a centrosymmetric medium, thus limiting 
electric dipole radiation to the interfaces where inversion 
symmetry isbroken. The bulk second-harmonic can now 
be described in terms of the much smaller electric qua- 
drupole-like contributions (second term in Eq. (1)). How- 
ever, because of the large volume difference between 
interface and bulk this does not necessarily mean that the 
total bulk SH signal is negligible. Interface sensitivity 
needs to be verified for any given system. Following the 
treatment of Ru-Pin Pan et al. [5] we include the mag- 
netic properties of the material by introducing a magnet- 
ization-dependent nonlinear susceptibility ensor: x(M). 
It is important to realize that the inversion symmetry of 
the bulk is not broken by the magnetization, so the 
argument for interface sensitivity remains valid. The ten- 
sor elements of a magnetized 'isotropic' interface are 
derived from symmetry considerations, taking into ac- 
count that the magnetization is an axial vector. The 
interface isdefined by the x ,y  plane, with x in the plane of 
incidence and the magnetization parallel to y. The sym- 
metry operations are reflection in the y ,z  plane: 
x ~ - x, y --* y, z --* z, M ~ - M, and reflection in the x, z 
plane: x ~ x ,y~ -y ,z  ~ z ,M~ M. We can distinguish 
two sets of elements, one set is even and the other is odd 
in the magnetization (see Table 1, ZiSk = Zikj). For the 
MSHG effects, those terms that are odd in the magnetiz- 
ation are most interesting, as they change sign upon 
reversal of the magnetization direction. The total MSHG 
intensity can then be described by 
E(2o9) , (m tM) ~o~ 2 = Zoaa(M))E (09) (2) ~Ze . . . . .  + 
where (m , (m~ Z .... (M) and are linear combinations of]~odd l, Zvl  J 
elements of Table 1, and E(o~) is the fundamental field at 
the interface. Changing the sign of M causes a phase 
change of 180 ° between the two contributions in Eq. (2), 
and leads to a different SH intensity. 
3. Theory: SHG from multilayers 
To find the nonlinear optical response of the metallic 
multilayer we must know the nonlinear source polariza- 
tion at the interfaces, and calculate the generated SH 
fields. Nonlinear optical generation from simple multi- 
layer systems has been treated by Dick et al. [8] for layers 
of organic molecules, by Yeganeh et al. [9] for semi- 
conductors and by Koopmans et al. [10] for thin 
C60 films. Their results were either analyzed by simulta- 
neously solving the boundary conditions at all interfaces, 
or by describing the multiple reflections of both the 
fundamental and the SH beams in terms of reflection and 
transmission coefficients. 
A well-known concept in optics is to treat the bound- 
ary conditions at an interface, and the propagation of 
light through a homogeneous slab in terms of matrices 
on the basis of forward and backward travelling waves. 
The matrices relate the field components on both sides of 
the interface and the layer, respectively. Describing the 
full multilayer is thus reduced to a simple matrix multi- 
plication (see, for example, Ref. [11]). Although this ap- 
proach is completely analogous to solving simulta- 
neously the boundary conditions at all interfaces, it has 
the strong advantage of being much more flexible, when 
it comes to solving systems with different numbers of 
layers. A matrix method was developed by Bethune 
[12, 13] to describe third-harmonic generation in the 
bulk of both optically isotropic and optically anisotropic 
laminar structures. 
For our MSHG calculations we assume that the sys- 
tem contains only electric dipole sources of SH radiation 
at the interfaces. The model is in fact related to work by 
Sipe [14]. He developed a Green-function formalism for 
Table 1 
Nonzero tensor elements ofthe nonlinear susceptibility tensor 
for a magnetized 'isotropic' interface 
Interface even in M xxz, yyz, zyy, zxx, zzz 
odd in M yxy, zxz, xxx, xyy, xzz 
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calculating fields generated by sources in the presence of 
a multilayer geometry. We use the nonlinear boundary 
conditions as derived by Heinz [151, giving the discon- 
tinuity of the second-harmonic fields at the nonlinear 
interface (i.e. at the source). Our treatment of the emitted 
fields is similar to his approach. However, after introduc- 
ing infinitesimal vacuum sheets between all the layers we 
come to an equivalent description of both the propaga- 
tion of the fundamental nd the second harmonic, which 
is very convenient for converting the model into a com- 
puter program. 
The influence of the total multilayer on the transmis- 
sion of the fundamental wave can be described as 
(E+)  ~ /E  + \  o~,p,O top ~pm+l  
E~,.p.O = ~= Tj t 0 )' (3) 
where the system contains m layers and E~,p.o+ and 
E~,p,o represent, respectively, the forward and backward 
fields on the front side and E~.p.,+ a the forward field on 
the backside of the sample (notice that there can be only 
a forward field at the backside of the sample). T] °'p is 
obtained from the equation 
T~ ',p : M~..je ® C'j' ® Mj°~b ", (4) 
where M~'j vdescribes the interface between media 0 and 
j (the index 0 refers to a vacuum sheet), and C~' describes 
layer j: 
M~°'~ - °>'+ t - f J - l , J  ~'+ ' ' - '~  fJ , .1 - ,  o,.- f J - , .U  
D~) + : ~i,(o~) cos ~. i  -+ '~i(o~) cos ~. j , ,  
~i,=(~,) _ ~A,o)o) cos g~,.i, 
C 
ni(°9) sin 0,o.i = sin 0,o,o, (5) 
where 0~,,o is the (real) angle of incidence in the vacuum. 
With Eq. (3) we relate the forward and backward fields at 
all interfaces in the multilayer to the incoming funda- 
mental field. Using the ideas of Bloembergen and Per- 
shan 1,-16"1 we introduce an infinitesimal nonlinear sheet 
of thickness 2~2, inside an infinitesimal vacuum sheet of 
thickness 23~ (see Fig. 1). This sheet has a refractive index 
~,  the refractive index of the interface. If we take the x, z 
plane as the plane of incidence (ky = 0), we find that the 
fundamental fields induce a 2to-polarization i  the sheet: 
P~hj.k(r  i ,  t )  = P~h.k . je i (2k~(* ix -  2°O , (6) 
where rj is lying in the plane of interface j and 
sh (D) 2 P~o,,k,j = Zkl~.fl ~O)~,l,J °~ ..... i, (7) 
Zj--~ 1 Zj--~ 2 
> 
Zj . Z j-k~2 ZJ+~I 
Fig. 1. Infinitesimal nonlinear sheet of thickness 262 inside in- 
finitesimal vacuum sheet of thickness 26~, at interfacej at z = zj. 
Ev. ~ represent he p-polarized second-harmonic fields in the 
vacuum sheet with: zj - 6~ < z < zj - 32 ('just left of the nonlin- 
ear sheet') and EF+j the p-polarized SH fields in the vacuum sheet 
with: z~ + 62 < z < zj + 6~ ('just right of the nonlinear sheet'), ti~ 
is the refractive index of the interface. The label 2to has been 
omitted for clarity. 
with k,l,m = x,y,z and where Z~°~,j(2~o) represents the 
nonlinear susceptibility tensor elements of interface j. 
go,,s is the total fundamental field in the nonlinear sheet 
and autosummation is implied. The total fundamental 
field in the nonlinear sheet is in general a sum of forward 
and backward fields, that are derived from the fields in 
the vacuum sheet: 
gS,., i  u? "+ - u°; '-  uy '+} ~Ed, . . i j '  
.+ ^i •i . is the with u~" - = rij(to)cos0,o.o + cos0o,,i where ,~,j 
complex angle of propagation i  the nonlinear sheet, and 
p indicates the polarization. The total fundamental field 
in the nonlinear sheet j follows from the equations 
g .. . .  i = ( - ~£,p,i + ~d,. ,kcosOL,  i .  
+ - • "i (9) 
g .... i = (g~',m + ~' .m)sm 0~,.i. 
Substituting these equations into Eq. (7) gives the total 
polarization of the sheet. The presence of the source 
P2~.i causes a discontinuity of the SH fields at interfacej. 
This discontinuity is derived from the boundary condi- 
tions, accounting for the presence of a (nonlinear) source 
polarization [-4,15]. The result is 
ik~(2~o) 4_ ~,sh 
AE2 .... i -  [~j(209)]2 '~r2 .... i '  
i2to (10) 
AH2~.r . j  - -  4xP2~.x,i, 
C 
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where the equations express the difference between the 
complex amplitudes of the field components in the vac- 
uum sheets on both sides of nonlinear sheet j: 
AE2 .... j = E2 .... i -  E~ .... j, 
01)  
AH2,o,y.j = H2,o,y.j- H~,~,y.j, 
where E~,, i and H'2~,.~ are the electric and magnetic 
field, respectively, in the vacuum sheet with 
zj - 3~ < z < zj - 62, and E2o,,j and H2o,,j are the fields 
in the vacuum sheet with: z j+32<z<z j+&~ (see 
Fig. 1), Separating forward and backward field compo- 
nents gives 
AE2 .... j = - cos 0,o,o(E~-o,,m - E2co,p,j) 
+ cos Oo,.o(E'2+~,m - E'2-o,.p,j), (12) 
AH2o,r,j = - (E~o,,p,i + Efo,p.j) + (E;~,p.j + EiL.pd). 
Here we have used the nonlinear equivalent of Snell's law 
(see Ref. [4]). Because there is no dispersion in vacuum, 
we obtain 02~,o = 0,o,o. After introducing 
E2+a,.j - Ez,~.p.j 
~2,o,p,~ - E~-,oa,,j + E2-o,pd (13) 
and an analogous definition for K;~,,p.j, we derive 
AE2,,.x,j -- K2to,p,j COS Oto,O AH2~,.r,j t+ t -  E2~,,p.j + E2o,p,j - (~c~,,,,p,j - ~c2,~.~,j) cos  0~,,o 
(14) 
The values of the K's are easily derived from Eqs. (3) (5) 
(now for 2o9), once we divide the multilayer into two parts 
at interface j, and realize that the system has only out- 
going SH fields on both ends. For the second-harmonic 
wave outgoing on the backside, we find 
2ea,p 2o~,p,m + 1 
\E2oj.,.j/ q~l=j Td I 0 ) '  (15) 
with T 2'°'p as in Eq. (4). From this equation we directly 
calculate the value of x2,~,p.j. The value of xho,.m is 
obtained after studying the SH wave outgoing on the 
front side. In the latter case the multilayer is treated in the 
backward direction, which implies exchanging E2+,p,j 
and E2o,,p.j and replacing z by - z in C2'L This analysis 
also gives the ratio 
E2~o,p,o 
,+ ,- . (16) 
E2w.p , j  + E2to,p, j  
As Eq. (14) gives the denominator of the ratio, we can 
calculate E2o,.p,o, the outgoing SH field on the front side, 
which is exactly the field that we detect in a standard SH 
reflection geometry. Similar expression can of course be 
derived for the s-polarized fields. 
4. Example  
As a typical example we shall treat SHG from a thin 
gold film on a (non-magnetized) cobalt substrate. Fig. 
2 shows the result of our calculations with the multiple 
reflection model, that has been presented above. We 
consider normal incidence and a fundamental beam with 
a wavelength of 532nm. The fields at the interface are 
calculated on the vacuum basis, i.e. we take interface 
refractive indices: hi(og) = ~ii(2co) = l (see Fig. 1). For the 
bulk we take the optical constants as measured by John- 
son and Christy [17], and assume that they change 
abruptly at the interface. Finally, we assume (for simpli- 
city) that both the top and the buried interface have only 
one nonzero tensor element, respectively ~,ID) and Axxx,top 
Zw) Curves (a) and (b) show the calculated SH inten- xxx,bur • 
sity for, respectively, generation at the top vacuum/Au 
interface and generation at the buried Au/Co interface. 
Curve (c) shows the results of simultaneous generation at 
both the top interface and the buried interface. 
These calculations illustrate a number of characteristic 
features that may occur in SHG from multilayers. First of 
all, curve (a) shows that the contribution of the top 
interface to the SH intensity strongly depends on the 
thickness of the Au film. The total fundamental field at 
the interface is determined by the sum of the forward and 
i r i r 
3 ' ' ' 
10 °8  if/l 
.~ 0.6 
q)  
.~ 0.4 
I 
u~ 0.2 
0.0 
I I I I 
0 50 100 150 
Au th ickness  (~) 
Fig. 2. Calculation of SH intensity emitted from a thin Au film 
on a Co substrate at normal incidence, as a function of Au film 
thickness. Only interfacial contributions are included in the 
calculation. The fields are calculated on the vacuum basis. Sec- 
ond-harmonic is generated at the top vacuum/Au interface 
(~(~°x~,top), as well as in the buried Au/Co interface (Z~. b,,). Curve 
(a) describes the case ;(~.top = 1 and ;(~!~,b,, = 0, curve (b) is for 
Z~.top = 0 and Z~,b., = -- 1.6, and curve (c) is for X~,top = l 
and X~.bu~ = -- 1.6. The inset shows curve (c) for a larger film 
thickness range. 
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backward fields. The complex amplitude of the backward 
field depends of course on the dielectric mismatch at the 
interface, that is smaller for vacuum/Co interface, than 
for a Au/vacuum interface. This yields an increasing SH 
intensity with increasing Au thickness, althou#h there is 
no bulk SHG response. 
Curve (b) shows that the contribution of the buried 
Au/Co interface to the emitted second-harmonic decreases 
rapidly as the Au film thickness increases. This effect is due 
to absorption in the Au film of both the incoming funda- 
mental beam, and the outgoing second harmonic. 
Finally, curve (c) shows the result of interference of the 
SH fields originating from both interfaces. Since we have 
chosen opposite signs for the tensor elements of the top 
versus the buried interface, we may observe destructive 
interference, asis demonstrated by the initial decrease of 
curve (c). Notice that the extinction is never perfect, 
which is caused by phase lag of the contribution from the 
buried interface with respect o the contribution of the 
top interface. The inset shows the evolution of curve (c) 
for larger Au film thicknesses. 
5. MSHG on Co/Au multilayers 
In the last part of this paper we shall describe MSHG 
experiments on multilayers of Co and Au. The results 
were already discussed in another paper, after analysis 
with a very simple model [18]. Here we use the full model 
as described in Section 3, and find that it leads to better 
results. As the experiments are already discussed in Ref. 
[18] we shall only give a brief summary of the most 
important aspects. 
The samples consist of thin films of Co and Au, evap- 
orated at a rate of about 2 A/s, while the substrate was 
kept at room temperature. The pressure was 
5 x 10 -7 Torr while evaporating. The substrates were 
optical quality glass plates, cleaned in ethanol and blow 
dried with nitrogen. Four systems were studied: Sample 
A has 1 Co/Au interface: glass + 500 ,~ Co + 50 ,~ Au, 
sample B has 2 Co/Au interfaces: glass+ 500A 
Au + 50 A Co + 50 A Au, sample C has 3 Co/Au interfa- 
ces: glass + 50 ,~ Co + 50 ,~ Au + 50 ,~ Co + 50 ,~ Au, 
the fourth sample is a 1500 ,~ thick Au film. Although the 
films are polycrystalline, they are isotropic on the scale of 
the laser beam diameter (~ 60 mm2). For the experi- 
ments we used the 532 nm output of a frequency doubled, 
Q-switched seeded Nd-YAG laser with 8 ns pulse width. 
The pulse intensity was kept below 7 mJ cm- 2. The sam- 
ples were mounted in between the poles of an electromag- 
net. The applied magnetic field was in the plane of the 
sample and was perpendicular to the plane of incidence. 
Fig. 3 presents the results of experiments on the pure 
Au film and samples A, B and C at near normal incidence 
12 
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Fig. 3. The SH signals from the pure Au film and samples: (A) 
1 Co/Au interface, (B) 2 Co/Au interfaces and (C) 3 Co/Au 
interfaces. MT: Film saturated upward, M J,: Film saturated 
downward. 
and pp-like polarization. For each sample we measured 
the second-harmonic intensities for upward (MT) and 
downward (M J,) saturation. As is to be expected, the 
signal from the Au film is not dependent on the magnetiz- 
ation. The inversion of the M T and M J, levels between 
samples A and B and between samples B and C is most 
striking. This is an extremely strong indication that the 
interfaces play a significant role. 
For the air/Au interface there ought to be no sec- 
ond-harmonic generation for normal incidence and pp- 
like polarization, since Z~xx is zero for an isotropic non- 
magnetic interface. However, the experiments on the 
pure Au film show significant SH-signal in this configura- 
tion. This can be explained by the experimental limita- 
tions allowing a minimum angle of incidence of 4 °. To 
first-order approximation we excite Z .. . .  Zxx, and Zzxx. 
We analyze the results as though Z=xx were the strongest 
tensor element. However, similar results can be obtained 
from any combination. 
Sample B contains two interfaces between Co and Au, 
that only differ by a mirror plane parallel to the interface. 
It can be shown that the tensor elements of such interfa- 
ces have opposite phase. This relation reduces the num- 
ber of free parameters in the systems to three: an even 
tensor element at the air/Au interface: X~ox~,tov, an odd 
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tensor element at each Au/Co interface: Zx~x°~x,bur(M), and 
qS, the phase difference between these two tensor ele- 
ments. The contributions from the Co/glass and the 
Au/glass interfaces are negligible. 
The values of the parameters are found by analyzing 
the system with the model of Section 3. We have used the 
indices of refraction measured by Johnson and Christy 
1-17]. As ~i(og) and fii(2co) may be interpreted as scaling 
factors of the tensor elements, we have taken both equal 
to 1 for simplicity. The results of our calculations for 
samples A,B and C are indicated by the solid lines in 
Fig. 3. The values for the fit parameters are: 
z(o) t~,~/~(o~ = 0.27 and q5 - an ° ~ v<o) is used as xxx ,bur~ z ra  U~zxx , top  - -  ~v  . ~ Lzxx , top  
a scaling parameter). We found that the calculated values 
are not critically dependent on the exact thicknesses of 
the layers. 
The model clearly describes the inversion of I (MT) 
and l (M~)  between samples A and B, and between 
samples B and C, and it does explain that sample C gives 
a larger magnetic field induced SH effect than sample A. 
Although surprising and counterintuitive, as C involves 
deeper interfaces, it is purely the result of multiple reflec- 
tions in these multilayer systems. The calculated values of 
the pure Au film, and sample C are in better agreement 
with experiment than in the analysis of Ref. [18]. 
In the earlier publication we found ~b = 88 °, and ar- 
gued that this value was to be expected, because the 
time-inversion properties of z(M) would predict a phase 
difference of qb = 90 °. However, this argument is only 
valid if dissipation is negligible. A brief look at the dielec- 
tric constants learns that this is probably not the case, as 
the energy of the second-harmonic photons is lying near 
the interband transition of Au. This implies that the 
phase difference between odd and even elements is no 
longer a priori determined, and a deviation from 90 ° 
seems likely. 
In conclusion, we have developed a model for sec- 
ond-harmonic generation from the interfaces in an arbit- 
rary multilayer, using a matrix description of the optical 
propagation. After introducing infinitesimal vacuum 
sheets at the interfaces, and placing the nonlinear sources 
within these sheets, we come to an equivalent description 
of both fundamental nd second-harmonic waves, which 
is very convenient for converting the model into a com- 
puter program. An example illustrates the importance of 
multiple reflections in SHG from multilayers. We have 
also reconsidered our experiments on Co/Au multilayers, 
using this model, and conclude that it leads to a better 
explanation of the observations. 
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